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Abstract 
In this paper, a simplified analytical method used to predict the residual ultimate strength of a ship hull after a shoal grounding accident 
is proposed. Shoal grounding accidents always lead to severe denting, though not tearing, of the ship bottom structure, which may threaten 
the global hull girder resistance and result in even worse consequences, such as hull collapse. Here, the degree of damage of the bottom 
structure is predicted by a series of analytical methods based on the plastic-elastic deformation mechanism. The energy dissipation of a ship 
bottom structure is obtained from individual components to determine the sliding distance of the seabed obstruction. Then, a new approach 
to assess the residual strength of the damaged ship subjected to shoal grounding is proposed based on the improved Smith’s method. This 
analytical method is verified by comparing the results of the proposed method and those generated by numerical simulation using the software 
ABAQUS. The proposed analytical method can be used to assess the safety of a ship with a double bottom during its design phase and 
predict the residual ultimate strength of a ship after a shoal grounding accident occurs. 
© 2016 Shanghai Jiaotong University. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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(. Introduction 
Ship grounding over a seabed obstruction may lead to po-
ential consequences, such as significant economic loss and
evere environmental pollution, and ultimately may sink the
essel and result in deaths. In the 21st century, although sig-
ificant progress has been made in improving navigational
ools, severe accidents due to grounding still occur period-
cally. Accidents draw public interest and highlight the im-
ortance of making reliable assessments of damaged vessels’
ull strength to enhance sailing safety. 
During the preliminary design stage or after a grounding
ccident occurs, it is essential to predict the residual ultimate
trength of the damaged ship. To accomplish this task, a more
ational design procedure and calculation tools with high effi-∗ Corresponding author. 
E-mail address: zhqhu@sjtu.edu.cn (H. Zhiqiang). 
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 http://creativecommons.org/licenses/by-nc-nd/4.0/ ). iency are required. Amdahl [1] proposed the following four
tems, which are considered elementary in a rational design
rocedure and are generally followed in this thesis: scenario
efinition, global and local structural performance calculation,
ost-accident evaluation and acceptance criteria. The prevail-
ng approaches to analyze the response of ship structures sub-
ected to grounding and to assess the ultimate strength of a
hip are typically divided into four categories: empirical meth-
ds, model-scale tests, the non-linear finite element method
NLFEM), and simplified analytical methods. The simplified
nalytical method is an improvement over currently available
ethods because it is mathematically tractable, has reason-
ble accuracy, is cost and time effective, and most notably,
s superior in providing insight into the governing physical
rocesses. 
The deformation mechanics of ship bottom structures in-
olved in grounding accidents vary due to the variety of
eabed obstructions. There are three major types of seabed is an open access article under the CC BY-NC-ND license 
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Fig. 1. Seabed topology with reference to bottom sizes: (a) rock; (b) reef; 
(c) shoal. 
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E  indenters as defined by Alsos and Amdahl [2] , namely ‘rock’,
‘reef’ and ‘shoal’ (see Fig. 1 ). A great number of studies have
already focused on ship groundings over rock-type seabed ob-
structions, which primarily tear the bottom plate, resulting in
compartment flooding. However, it has been recognized that
ship grounding over a flat seabed obstruction with a large
contact surface, namely shoal grounding, is more common in
practice by Amdahl [1] and Wang ( [3] , 2002). In this situa-
tion, denting rather than tearing is the more likely deformation
mode for the bottom plating; as a result, the global hull bend-
ing capacity of the ship is at risk as presented by Pedersen
[5] and Alsos [6] , which may eventually trigger collapse of
the hull girder by bending or shearing and cause hazardous
consequences as presented by Hong and Amdahl [7] . Thereby,
an analysis of the ship ultimate strength after shoal grounding
is of crucial importance. 
To evaluate the resistance and energy dissipation of a ship’s
bottom structure during shoal grounding scenarios, Hong and
Amdahl [7] proposed an analytical method that assembles var-
ious simplified analytical formulae for individual structural
components, including a sliding deformation model of the
longitudinal girders, denting and crushing models of the trans-
verse members and a denting model of the bottom plating. In
the method, the attached stiffeners are taken into account us-
ing the smearing thickness approach proposed by Paik and
Lee [8] . The method has been challenged by Hu and Amdahl
[9] , Hu et al. [10] and Yu et al. [11] ; it has been found that the
smearing thickness method underestimates the role of stiffen-
ers during a shoal grounding accident. In this context, Yu
and Hu [11–13] made several predictions on the performance
of stiffeners during a ship shoal grounding scenario. These
proposed theoretical approaches provide comprehensive de-
scriptions of the deformation modes, energy dissipation and
structural resistance of stiffeners attached to the bottom floor
plating, longitudinal girder and outer bottom plate. The afore-
mentioned methods have considered all the structural compo-
nents of the bottom structure that resist structural deformation
during shoal grounding. However, the residual strength of the
components has not been considered. 
The simplified progressive collapse method, also known as
the Smith method [15] , is a widely known approach to pre-
dict the ultimate strength behavior of a ship hull girder. The
approach has been shown to provide accurate results by ISSC
conference committee [16] and Gordo and Guedes Soares
[17] . The Smith method can also assess the residual strength
of a damaged hull girder; however, the limited assumptionsf the method mean that only a relatively simplistic repre-
entation of the damaged area can be modeled. Furthermore,
tructures damaged from collision or grounding are known
o possess residual strengths with a load-carrying capability
s presented by Liu et al. [18] and Paik et al. [19] ; how-
ver, in the conventional Smith method, damaged elements
annot withstand any further load, and thus the method disre-
ards damaged elements in the progressive collapse analysis
f a damaged hull girder such as Gordo and Guedes Soares
20] and Wang et al. [3] . Thus, the hull girder deterministic
apacity is always underestimated as presented by Wang et
l. [4] and Hussein and Guedes Soares [21] . 
In this paper, a simplified analytical method is proposed to
redict the residual ultimate strength of a ship after a shoal
rounding accident. Three typical shoal grounding scenar-
os are defined. A combination of previous studies that have
redicted the responses of bottom structures during a shoal
rounding accident is validated, and the residual strength
f damaged structures is evaluated; certain reasonable as-
umptions are proposed. In particular, the assumptions of the
mith method are improved. The proposed simplified analyt-
cal method is then verified by numerical simulation using
BAQUS code. 
. Response of bottom structures and structural damage 
nalysis 
A bottom structure is generally considered to be an as-
embly of plated structures and stiffeners. Hong and Amdahl
7] proposed a simplified analytical method to predict the re-
ponses of three plated structures: transverse floors, longitudi-
al girders and outer bottom plating. Hereafter, the stiffeners
ttached to these structures were considered by Yu and Hu
11,13,14] . The seabed obstruction is represented by a rigid
ndenter with a flat contact surface and a trapezoidal cross-
ection, and the responses of the bottom can be considered
eriodic because of the repetitive arrangement of the struc-
ural members. 
The simplified analytical methods are described briefly be-
ow, and a structural damage analysis is proposed. 
.1. Damage analysis of the bottom floor and attached 
tiffeners 
During a shoal grounding scenario, it is observed that the
eformation zone of the transverse floor can be divided into
wo parts (see Fig. 2 ). The central part, where the breadth
s same as that of the indenter, is pushed directly by the in-
enter. The side part, which deforms simultaneously with the
entral part, is affected by the indenter indirectly. As a result,
he energy dissipated by the transverse floor is calculated by
umming the computations of the two parts. The energy dis-
ipated by the collapse of the central part can be expressed
s 
 floor, central = 4 M 0 _ floor 
(
2. 58 H 
2 
t 
+ 
(π
2 
)2 
+ πC 
)
(1)
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Fig. 2. Transverse floor after horizontal crushing. 
Fig. 3. Transverse section of the indenter. 
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Fig. 4. Theoretical models of the floor stiffener (a) D < Ls /2, (b) Ls /2 ≤ D 
(Yu and Hu [11] ). 
w  
p
E
w  
r
a
 
p
E
 
w
E
EThe energy dissipated during the crushing of the side part
s as follows: 
 floor, side = 14 3 πM 0 _ floor b + 29 . 68 
N 0 _ floor H 3 
b 
(2)
here M 0 represents the fully plastic bending moment capac-
ty of a plate strip, N 0 is the plastic membrane force of a
late strip, C is the half-breadth of the span of the inden-
er contact surface (see Fig. 3 ), and H is half of the vertical
rushing distance, which is determined by the crushing depth
f indenter D . The variable H is expressed as 
H = 1 . 0836 D + 0. 0652 (3)
According to the upper-bound theorem, b can be deter-
ined by 
 = 2. 85 H 
√ 
H 
t f 
(4)
here t f is the thickness of the floor plate. It should be noted
hat b , in any case, should be larger than the shoulder breadth
f the indenter B (refer to Fig. 3 ) and should not exceed the
pacing of adjacent longitudinal girders. 
The deformation pattern of the stiffeners attached to the
ottom floor largely depends on the deformation of the floor.
ccording to the degree of indentation, two analytical models
re established (see Fig. 4 ), when D is less than Ls /2 ( Ls is
he length of the stiffener), which is the model presented in
ig. 4 (a), and when D is larger or equal to Ls /2 but less than
Ls /4, which is the model presented in Fig. 4 (b). If D exceeds
Ls /4, the model is the same as that presented in Fig. 4 (b),here additional energy is assumed to be dissipated through
lastic rolling about hinge B. 
When D < Ls /2, the energy dissipation is expressed as 
 f s = M 0 _ f s t f s x 1 θ
2 
sin θ
+ M 0 _ f s t f s x 2 (2α − θ ) 
2 
sin (2α − θ ) 
+ 2 N 0 _ f s αh f s + 4 M 0 _ f s t f s α (5) 
here x 1 and x 2 are the lengths of straight line BC and CD,
espectively, θ and α are as shown in Fig. 4 , and t fs and h fs 
re the thickness and height of the stiffener, respectively. 
When Ls/2 ≤ D < 3Ls /4, the energy dissipation is ex-
ressed as 
 f s = M 0 _ f s t f s x 1 θ
2 
sin θ
+ M 0 _ f s t f s x 2 
(
2α − θ + π2 
)2 
cos (2α − θ ) 
+ N 0 _ f s 
(
2α + π
2 
)
h f s + M 0 _ f s t f s (4α + π) (6) 
When 3 Ls /4 ≤ D , the additional energy dissipation is
ritten as 
 additional = M 0 _ f s t f s (D − D basic ) π (7) 
Then, the total energy dissipated is expressed as 
 f s = E additional + E basic (8) 
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Fig. 5. Longitudinal girder after the sliding process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Theoretical model of the longitudinal stiffener (Yu and Hu [13] ). 
Fig. 7. Strip beam model (Yu and Hu [13] ). 
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E  where D basic is usually set as 3Ls /4 and E basic is the energy
dissipation at this indentation condition. 
In the actual calculation, the analytical method result is
typically larger than the actual value, and thus, a reduction
factor λ is introduced: 
λ = 
{
0. 714, D < L s / 2 
0. 833 , D ≥ L s / 2 (9)
Once the transverse floors are damaged severely, their role
in supporting the frames will be significantly reduced. As a
consequence, the assumption of the Smith method will no
longer be satisfied, which will be discussed in more detail. 
2.2. Damage analysis of the longitudinal girder and its 
stiffeners 
During the shoal grounding scenario, the longitudinal
girder is subjected to a continuous sliding process and is
crushed both vertically and horizontally (see Fig. 5 ). The en-
ergy dissipation can be expressed as 
E girder = M 0 _ girder πH (1 + 2 
√ 
1 + tan 2 ψ ) · 1 − tan 
2 ψ 
tan ψ 
+ 4 N 0 _ girder H 
2 
√ 
3 
√ 
1 
4 
+ tan 2 ψ (10)
where ψ is half of the crushing wave angle of the mechanism,
which can be written as 
2ψ = 0. 94φ − 0. 0048 φ2 (11)
where φ is the slope angle of the indenter front surface. 
The damage degree of the longitudinal girder can be cal-
culated by introducing a reduction factor k : 
k = E girder _ 1 
E girder _ 2 
(12)
where E girder _ 1 is the energy dissipation of the longitudinal
girder at the actual crushing depth and E girder_2 is the energy
dissipation when the crushing depth is equal to the height of
the longitudinal girder. 
The deformation patterns of the stiffeners attached to the
longitudinal girder during a shoal grounding accident can be
divided into two groups, namely, stiffeners that are fully in
contact with the indenter and stiffeners that are indirectly af-
fected by the indenter. 
For the stiffeners fully in contact with the indenter, the
theoretical model is presented in Fig. 6 . The stiffener ascends
spirally with an angle of inclination γ . The energy dissipation
can be obtained as  ls = M 0 _ gs ϕ + M 1 _ gs L · π4 + N 0 _ gs ·
(
2Rϕ 
cos γ
− L 
)
+ 2 M 0, 2 _ gs h gs Lφ (13)
here M 1 represents the fully plastic tripping or vertical
rushing moment, t gs and h gs are the thickness and height
f the stiffener, respectively, L is the length of straight line
B, which is equal to half of the frame spacing, and h is the
eight of the arch equal to H /2. R and ϕ are written as 
 = L 
2 
8 h 
+ h 
2 
(14)
 = arcsin 
(
L 
2R 
)
(15)
here R is the radius of arc AB. 
For stiffeners that do not contact the indenter but deform
ith the longitudinal girders, the energy dissipation from ver-
ical crushing is unavailable. The deformation mode conforms
o the theory of cylindrical bending, and the stiffener is treated
s a strip beam (see Fig. 7 ). The energy dissipation can be
xpressed as 
 ls = M 0 _ gs ϕ ′ + M 1 _ gs L · π4 + N 0 _ gs · (2R 
′ ϕ ′ − L) (16)
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Fig. 8. Theoretical model of the bottom structures. 
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Fig. 9. Damage model of the bottom plate during sliding. 
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vhere the transverse extension h is replaced by h’ and sub-
tituted into Eqs. (14) and ( 15 ), and h’ is obtained as 
 
′ = δ
2 
s 
δ2 i 
· h (17) 
here δi and δs are the vertical distance from the indenter
nd indirectly deformed stiffener to the top end of the girder,
espectively. 
The stiffener that is fully in contact with the indenter is
ssumed to be in a fully plastic state and so it cannot with-
tand any further load. For the stiffener that is not contact
ith the indenter, its strength reduction factor can be ob-
ained by using the actual energy dissipation divided by the
nergy dissipation of the stiffener that is fully in contact with
he indenter. However, the deformed stiffener becomes un-
table and is easily collapsible when reloading. Thus, when
he reduction factor exceeds 0.5, the stiffener is regarded as
neffective. 
.3. Damage analysis of the outer bottom and its stiffeners 
Assessing the residual capacity of the outer bottom plating
nd its stiffeners against global collapse after shoal grounding
s of crucial importance. 
As the rigid indenter travels in the longitudinal direction,
he stiffeners produce a periodic deformation pattern and roll
long the front surface of the indenter. It is observed that
tiffeners deform simultaneously with the plating and main-
ain a stable deformation process. The deformation mode is
resented in Fig. 8 ; there are two rollers in this mode, where
lastic rolling and irregular plastic folding deformation occur
t the first roller, whereas plastic rolling and foremost mem-
rane stretching occur at the second roller. Energy is primarily
issipated through these deformation patterns, which can be
xpressed as 
 ps = M 0 _ ps t ps L c R ps + 
π2 M 1 _ ps h 2 ps φ
8(π − 2) + M 0 _ ps t ps 
L c 
R ps 
+ M 0 _ ps t ps 
(
N ps 
N 0 _ ps 
)2 L c 
R ps 
(18) 
here M 0 and M 1 are the fully plastic bending moment per
nit width and height of the stiffener, respectively, t ps and h ps 
re the thickness and height of the stiffener, respectively, and c is the periodic length, which is written as 
 c = D/ sin φ (19) 
R ps is the rolling radius that is obtained by an empirical
ormula: 
 ps = 1 /φ (20) 
N ps is the force for a single stiffener, where the total axial
orce is equally distributed to all deformed stiffeners; it should
e emphasized that N ps , under no circumstance, will be larger
han N 0_ps ; if N ps > N 0_ps , then N ps / N 0_ps is set as 1. 
In a shoal grounding scenario, the crushing depth of the
ndenter is much larger than the height of the longitudinal
tiffeners; as a consequence, the longitudinal stiffeners, those
rushed by the indenter directly, enter a fully plastic state and
annot withstand any further load. Yu and Hu [11] did not
ccount for the stiffeners that do not contact the indenter but
eform with the outer bottom plating. This paper proposes
n empirical method to address this: when the vertical de-
ormation displacement of the stiffener is larger than twice
he height of the stiffener itself, the stiffener is regarded as
neffectual. These equations are verified, as shown below. 
Plastic deformation in the form of membrane stretching
f the ship bottom plating constitutes a significant part of
he energy dissipation during shoal grounding, which mostly
educes the load-carrying capability of the bottom plating. The
amage mode of the bottom plating during sliding is shown
n Figs. 8 and 9. 
The energy dissipation is 
 plating = 4l 
(
M 0 _ plating ϕ + N 0 _ plating √ 
3 
√ 
u 2 0 + v 2 0 
+ 2 M 0 _ plating C 
R 
)
(21) 
here l is the crushing displacement and u 0 and v 0 are the
orizontal and transverse displacements of the plate, respec-
ively, which are expressed as 
 0 = D tan ψ (22) 
 0 = 
√ 
D 2 + b 2 − b (23) 
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Fig. 10. Constitutive relation of perfectly elastic plastic material. 
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g  Four longitudinal hinge lines are formed with the bending
angle ϕ, which is written as 
ϕ = ar tan 
(
D 
b 
)
(24)
Assuming that the material of the deformed bottom plat-
ing is an ideal elastic-plastic material, its constitutive relation
is shown in Fig. 10 according to the loading and unloading
criteria. It is observed that the strength of the bottom plating
is weakened primarily by the decrease in the plate thickness
due to the stretching of the material fibres. 
For the bottom plating that stretches between the longi-
tudinal hinge lines, refer to the dashed area in Fig. 9 ; the
changed thickness of the plate is expressed as 
 p1 
′ = d t p / 
√ 
u 2 0 + v 2 0 (25)
where t p is the thickness of the outer bottom plating and d is
the initial length of the unchanged plate. 
The plating is assumed to conform to the front surface of
the indenter. When the indenter travels through the plating, a
curvature is imposed on the plate initially, and the curvature
is removed when the plate leaves the rolling surface. Because
of the presence of the axial force due to friction, membrane
stretching occurs in the second rolling surface. The changed
thickness of the plate is expressed as 
 p2 
′ = 
(
l − H 
sin 2ψ 
)
t p 
/(
l − H 
tan 2ψ 
)
(26)
After a shoal grounding accident, the outer bottom plating
becomes a thin plate without stiffeners. Additionally, the bot-
tom floor is damaged severely, which induces the collapse of
the deformed outer bottom, which is not in the frame spac-
ing but extends to the sliding distance of the indenter. Once
the velocity and displacement of the ship are known, its ki-
netic energy can be calculated; as a consequence, the sliding
distance can be obtained according to the law of the conser-
vation of energy. The total energy dissipation can be derivedy summing the energy dissipation of individual structural
omponents: 
 total = E floor + E f s + E girder + E ls + E ps + E plating (27)
Using the analytical formulae, one could estimate the size
f the damage due to shoal grounding with the given ship
peed, which can be further used to estimate the ultimate
trength given this damage. 
. Calculation of ship residual ultimate strength 
The ultimate strength of the ship hull girder is typically
epresented by the maximum ultimate bending moment that
he ship is able to bear. The moment–curvature relationship
an be obtained by imposing a curvature on the ship hull
irder gradually. For each step of the incremental procedure,
he axial strain of each hull structural element is determined.
hen, the stress of each structural element can be obtained
rom the stress–strain curve, and consequently, the bending
oment can be obtained by summing the contributions from
ndividual elements. This incremental-iterative approach is
ased on the principles of Smith’s method (Smith [15] ). 
.1. Assumptions of the progressive collapse method 
The fundamental assumptions of the progressive collapse
ethod are summarized and discussed as follows: 
a. Only longitudinal structures are effective in progressive
collapse, and thus, the calculation process can be per-
formed on a two-dimensional profile; the mid-ship cross-
section is normally selected. 
b. The transverse frames are assumed to be strong enough to
act as boundary supports. As a consequence, the failure
of the hull girder in global bending occurs between two
adjacent transverse frames. 
c. The cross-section can be divided into a series of elements,
where each element is assigned a load-shortening curve
and is considered to act and behave independently where
the interactions are neglected. 
d. The cross-section remains in plane during each incremental
curvature; therefore, each element is assumed to bear in-
plane tensile or compressive loads only. 
e. Failure of the element subject to compression is considered
occur prior to the element subject to tension. 
.2. Subdivision and stress–strain relationship of elements 
A hull girder cross-section should be divided into many
iscrete elements, and the element size must be small enough
o provide sufficient accuracy. There are three types of ele-
ents to be defined: longitudinally stiffened plate elements,
ard corner elements and transversely stiffened plate elements
see Fig. 11 ). 
The longitudinally stiffened plate element consists of a lon-
itudinal stiffener with an attached plate, and the breadth of
S. Bin et al. / Journal of Ocean Engineering and Science 1 (2016) 167–179 173 
Fig. 11. Example of element subdivision. 
Table 1 
Failure modes according to IACS CSRs. 
Element type Failure mode 
Hard corner or element subject to 
tension 
Elastic perfectly plastic failure 
Longitudinally stiffened plate a. Beam column buckling 
element subject to compression b. Torsional buckling 
c. Web local buckling of flat bar 
d. Web local buckling of flanged 
profile 
Transversely stiffened plate element Plate buckling 
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dhe attached plate is equal to the average spacing of the ad-
acent stiffeners. The hard corner elements, which normally
nclude the plating area adjacent to the intersecting plates
nd the rounded plate, have a large stiffness. The transversely
tiffened plate element includes a flat plate with a transversal
tiffener or only a piece of the plate. 
The stress–strain relationships of the elements in this paper
re obtained according to the new common structural rules
CSRs) [22] . The failure modes for the ultimate limit state
f the elements subject to predominantly axial compressive
r tensile loads are categorized in Table 1 . The stress–strain
elationship of the element when the failure mode is most
ikely to occur will be chosen. 
.3. Calculation process of the proposed method 
Once the load-shortening curve of each element is ob-
ained, the contribution of each element to the hull girder
ltimate strength can be calculated by an incremental-iterative
pproach. In the first step, it is necessary to estimate the po-
ition of the initial neutral axis, which is presented through a
oint with coordinates: 
 
 
 
 
 
 
 
 
 
N A y1 = 
∑ 
A i y i ∑ 
A i 
N A z1 = 
∑ 
A i z i ∑ A i 
(28) here A i is the sectional area of element i and y i and
 i are the distances of the centroid of element i to the centre
ine and base line, respectively. 
It is assumed that the increment of curvature that is applied
n the hull girder is fixed and equal to the initial curvature,
hich is expressed as 
 
 
 
 
 
 
 
 
 
χy1 = 
0. 01 σy E 
Y d − N y1 
χz1 = 
0. 01 σy E 
Z d − N z1 
(29) 
1 = χ = 
√ 
χy1 2 + χz1 2 (30) 
here σy is the yield stress of the material, E is Young’s
odulus of the material, Y d is the distance from the broadside
o the centre line, Z d is the distance from the upper deck
n a sagging condition or outer bottom plating in a hogging
ondition to the base line. 
Then, the strain in each element can be obtained as 
 i = χ j 
(
z gi cos θ − y gi sin θ
) (31) 
here χ j is the curvature of step j , y gi and z gi are the horizon-
al and vertical distances of the centroid of element i to the
oint of intersection of the neutral axis and the centre line,
espectively, and θ is the angle between the neutral axis and
orizontal line. Once the state of strain in each element is
etermined, the corresponding stresses can be obtained from
he load-shortening curves. 
To achieve equilibrium, the summations of the forces above
nd below the neutral axis should be equal, which is always
ifficult to determine because the effective neutral axis may
ave moved due to the non-linear response to the incremen-
al curvature. Hence, it is necessary to adjust the neutral axis
osition, recalculate the element strains, stresses and total sec-
ional force and iterate until the total forces above and below
he neutral axis are equal. The criterion for judging when the
eutral axis position meets the requirement is written as ∣∣∣∣
∑ 
A it σit −
∑ 
A ic σic ∑ 
A it σit 
∣∣∣∣ ≤ 0. 001 (32) 
here A it and A ic are the areas of stretched and compressed
lement i , respectively, and σit and σic are the stresses of
tretched and compressed element i , respectively. The shift of
he neutral axis NA should be less than 0.001 mm. 
Once equilibrium is achieved, the stress of each element
an be calculated based on the new neutral axis. Then, the
ending moment due to the imposed curvature is obtained by
umming the moment contribution of each structural element,
hich can be expressed as 
 j = 
∑ 
A i σi l i (33) 
here l i is the distance from the centroid of element i to the
eutral axis. 
The iteration ends when the slope of the moment–curvature
elationship curve is smaller than a certain level 
 M/d χ < c (34) 
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Fig. 12. Calculation process for the method. 
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i  Then, the ultimate strength of the ship hull girder can be
presented by the bending moment that corresponds to the peak
of the curve. 
The entire iterative process is presented in Fig. 12. 
3.4. Improvement of the method 
Two fundamental assumptions of the progressive collapse
method are that the transverse frames are strong enough to
act as boundary supports and that the failure of the hull girder
in global bending occurs between two adjacent transverse
frames. However, after a shoal grounding accident, a damaged
area appears at the bottom of the ship hull. The outer bottom
plating is damaged and stretched by the indenter. Meanwhile,
the longitudinal stiffeners, which are crushed by the indenter
directly, enter into a fully plastic state and cannot withstand
any further load. As a consequence, the outer bottom plating
turns into a thin plate without stiffeners, and its strength iseakened considerably. Simultaneously, the bottom floor is
amaged severely by the indenter, and it can no longer effec-
ively act as a boundary support, which induces failure of the
ull girder during global bending. Global bending no longer
ccurs between two adjacent transverse frames but extends to
he sliding distance of the indenter, which can be validated
n the numerical simulation result. 
. Verification of the simplified analytical method 
The accuracy of the proposed simplified analytical method
s verified by numerical simulation using ABAQUS code. 
.1. Finite element model of a ship 
The finite element model is taken from a 62200DWT dou-
le bottom shuttle tanker whose major scantlings are listed
n Table 2 . To ensure the representativeness of the model
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Table 2 
Major scantlings of the tanker units (m). 
Item Value 
Total length 265 .0 
Total breadth 42 .5 
Height 22 .0 
Design draught 16 .5 
Length of one compartment 32 .0 
Spacing of double bottom 2 .68 
Spacing of longitudinal girders 7 .0 
Spacing of transverse floors 4 .0 
Thickness of outer bottom plate 0 .019 
Thickness of longitudinal girder 0 .02 
Thickness of transverse floor 0 .015 
Stiffener geometries 0 .4 ∗0.013 
Fig. 13. Half of the cross-section of the tanker. 
a  
e  
p
 
b  
t  
m  
b  
i
i  
r  
t  
t
 
m  
t  
f  
s  
c  
m
Fig. 14. Finite element model. 
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End to conserve time, a model of a mid-ship compartment is
stablished. Half of the cross-section of the compartment is
resented in Fig. 13 
A bending moment is applied through rotation controls at
oth ends of the compartment, and suitable boundary condi-
ions are set to ensure the rotation produces a pure bending
oment without an eccentric longitudinal force. In this study,
oth ends of the compartment are tied to a reference point us-
ng rigid-body constraints; longitudinal angular displacement 
s relaxed at both ends, and vertical linear displacement is
elaxed at one end. The rotation is applied incrementally at
he reference point to cause a progressive bending moment in
he mid region. 
The total number of elements in the model is 573,798. The
esh size of the longitudinal structures was refined, where
he element length was set at 40 mm, whereas the transvers
rames were meshed coarsely, where the element length was
et at 100 mm. In this way, both the calculation precision and
omputation time are taken into account. The material of the
odel is defined as perfectly elastic plastic. The “shoal” seabed obstruction is represented by an inden-
er with a trapezoidal cross-section and flat sides that leads
o severe denting of ship bottom structures. The indenter is
efined as a rigid body whose slope angle is 26.5 ° and top
readth is 13 m, which is just larger than the span of three
ongitudinal girders of the tanker. The indenter slides in the
ongitudinal direction have a velocity of 5 m/s, and surface-
o-surface contact with a friction coefficient of 0.3 is used
n ABAQUS to treat the contacts between the outer bottom
lating and indenter. The mesh size of the indenter is rela-
ively coarse; the element length was set at 60 mm. The finite
lement model is presented in Fig. 14. 
.2. Damage simulation and verification 
.3. Description of three shoal grounding scenarios 
In the three simulation cases, the slope angle of the inden-
er is defined as 26.5 °, and the grounding depths are set as
0% (case 1), 60% (case 2) and 80% (case 3) of the spacing
f the double bottom. To simplify the calculation, the indenter
s targeted at the exact centre of the bottom. 
.4. Damage analysis 
A dynamic explicit analysis solver was used for the shoal
rounding simulation. The results focus on the energy dissi-
ation of the bottom structures. The damage degree of the
ottom structures is discussed and verified based on the sim-
lation results. 
The total energy dissipation results calculated by the nu-
erical simulations and the simplified analytical method are
ompared in Table 3 . The crushing length of the compartment
s 20 m, and there are five transverse floors and three longi-
udinal girders involved in the structural deformation process.
he relative error in Table 3 is defined as 
rror = ( R a − R s ) / R s · 100% (35) 
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Table 3 
Energy dissipation results and comparison units (J). 
Case Simulation results Analytical results Relative error 
1 4 .80E + 08 4 .44E + 08 –7 .5% 
2 6 .31E + 08 6 .13E + 08 –2 .9% 
3 7 .38E + 08 8 .0E + 08 8 .4% 
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1Fairly good agreement between the two methods was ob-
tained. Therefore, the combination of the individual analyt-
ical methods is accurate. Assuming the initial velocity of
the tanker is 5 m/s, the obtained sliding distances are 7.75 m,
5.30 m and 3.84 m for the three cases according to the law of
conservation of energy. 
The damage degree of the bottom structure can be deter-
mined by an analytical method. In case 1, the outer bottom
plating is deformed, the longitudinal stiffeners that contact the
indenter directly are in a fully plastic state and cannot with-
stand any further load together with two stiffeners in each
flank. The uppermost stiffeners of the three longitudinal gird-
ers are still effective, along with their attached plate. In case 2,
four stiffeners of the outer bottom plate in each flank lose ca-
pacity together with all the stiffeners of the three longitudinalFig. 15. Damage deformation mode of the stiffened out
Fig. 16. Damage deformation mode of the stiffened outirders; however, 20% of the top of three longitudinal girders
re still effective. In case 3, all damaged stiffeners and longi-
udinal girders lose efficacy; only the deformed outer bottom
lating is still effective. The simulation stress plots of the stiff-
ned outer bottom plates and longitudinal girders are shown in
igs. 15 –17. 
For the stiffeners in each flank that do not contact the
ndenter directly, an empirical method was proposed in the
revious section: when the vertical deformation displacement
f the stiffener is larger than twice the height of the stiffener
tself, the stiffener is regarded as ineffective. The stiffeners
n each flank that deformed with the outer bottom plating in
he three accident scenarios are presented in Fig. 18 using
he empirical method. The red line represents the position of
wice the height of the stiffener. The black thick lines repre-
ent the position of the outer bottom plating that corresponds
o the damage scenarios. The blue fine lines represent the ver-
ical positions of the stiffeners. As seen from the plots, two,
our and five stiffeners lose their capacities when the ground-
ng depths are set as 40%, 60% and 80% of the spacing of
he double bottom, respectively. The agreement of the em-
irical results with the simulation results presented in Figs.
5–17 verifies the validity of the empirical method. er bottom plate and longitudinal girders in case 1. 
er bottom plate and longitudinal girders in case 2. 
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Fig. 17. Damage deformation mode of the stiffened outer bottom plate and longitudinal girders in case 3. 
Fig. 18. Deformation of the stiffeners in the flank. 
Fig. 19. Moment–curvature relationship of case 1. 
4
 
e  
a  
Fig. 20. Moment–curvature relationship of case 2. 
Fig. 21. Moment–curvature relationship of case 3. 
t  
o  
i  
a.5. Progressive collapse analysis 
To complete the damage analysis, the damaged ship mod-
ls are further subjected to incremental bending moments to
ssess their progressive collapse and ultimate strength charac-eristics. The results are compared with the ultimate strength
f an intact compartment, and the analytical method proposed
n this paper is verified; comparisons with the conventional
nalytical method are also presented in this section. 
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Table 4 
Comparison of ultimate bending moment results (MN • m) 
Numerical simulation Conventional method New method 
Intact condition Sagging condition 11424 - - 
Hogging condition 13392 - - 
Case 1 Sagging condition 11056 9852 10563 
Hogging condition 12157 10916 11725 
Case 2 Sagging condition 10891 9723 10467 
Hogging condition 11597 10986 11251 
Case 3 Sagging condition 10778 9485 10198 
Hogging condition 10959 10548 10763 
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[The ultimate strength of the ship hull girder is calculated
using the dynamic explicit solver in ABAQUS. For the dam-
aged compartment, the bending moment analysis is continued
directly from the shoal grounding simulation, and thus, the
residual stresses created around the damaged area are consid-
ered and sustained into the bending moment load step, which
makes the calculation results more realistic. 
The comparisons of the vertical sag and hog bending
moment-curvature relationships for the ship hull girder are
shown in Figs. 19–21 and Table 4 . 
The plots show the significant reduction in the ultimate
capacity of the damaged ship hull girder compared with the
intact strength in all three cases. 
Notably, the reduction in the hogging condition is more re-
markable than in the sagging condition because in the hogging
condition, the damaged region, which is the region mainly af-
fected by the in-plane compressive load, is the dominant load-
bearing region of the structure. However, in the sagging con-
dition, the in-plane compressive load is predominantly taken
by the upper part of the compartment, which is left intact. 
Additionally, the simulation results are larger than the sim-
plified analytical results because the simplified progressive
collapse method does not take the residual stress into account.
However, the residual stresses in the structure are particularly
high in the region adjacent to the deformed zone and signif-
icantly affect the ultimate strength of the hull girder. 
The differences among the new method results and con-
ventional method results are due to the simplified assump-
tion in the conventional method that severely damaged struc-
tures cannot withstand any further load, which are conse-
quently removed from the cross-section. The new method
considers the residual load-bearing capacity of the damaged
structures; the smaller the crushing depth, the greater the
number of effective damaged components, and thus, the dif-
ference between the new method and conventional method
increases. 
5. Conclusions 
A more rigorous simplified analytical method for predict-
ing the ultimate strength of a damaged ship hull girder sub-
jected to shoal grounding is proposed in this paper. The structural response of the ship bottom structures to a
hoal grounding accident is taken into account. The conven-
ional progressive collapse method is improved by assessing
he residual contributions of the damaged structures, which
ere developed from simplified assumptions and a proposed
mpirical method. 
The proposed simplified analytical method is validated
y numerical simulations. As a consequence, the proposed
ethod has important implications in assessing the safety of a
hip with a double bottom during its design phase and predict-
ng the ship residual ultimate strength after a shoal grounding
ccident occurs. 
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